ABSTRACT
INTRODUCTION
Internal arc faults in medium voltage (MV) switchgears have low frequency of occurrence. However, when an arc fault occurs the large amount of energy released within a short period of time may have severe consequences on the electrical installation and personnel. Thus, arc fault testing plays an important role in improving the quality and safety of switchgears. These tests are normally carried out in full scale and the experiments are expensive, time consuming, and demand high power laboratory facilities. It would simplify the performance of arc fault testing if it is possible to carry out corresponding model experiments on small scale by reducing the physical size of the test object. These tests would be of great significance if they can reduce the number of tests loops in full scale testing. Small scale tests can then be used to predict full scale tests results in an early phase of a product development project. In order to create such small scale model, the scaling of the arc energy must be investigated. This paper present a literature review done to gather information about relevant experiments previously performed. The objective is to reveal what fundamental experimental investigations need to be performed in the future in order to be able to scale down arc fault experiments in a controlled way.
Today's MV switchgears use SF 6 as insulating gas. However, IEC Standards allow internal arc fault tests to be performed with air replacing SF 6 due to the environmental drawbacks of SF 6 -emission. To limit the extent of the study, only air will be considered as the insulation gas. The busbars normally used in MV switchgears are made of copper (Cu). During full scale tests, the arc normally burns between these busbars. However, research is being done to investigate replacement of copper with aluminium (Al) due to cost and environmental reasons. This study will concentrate on Cu-and Al-electrodes.
THEORY
The arc energy (W arc ) is given by the arc voltage (U arc ) and current (I) as
where t is the arc duration. For a three phase arc, the total energy is found by summing up the three phases. Both the current and the arc voltage are functions of the arc length. This is utilized in e.g. arc furnaces where the power provided by the arc is controlled by adjusting the arc length and current [1] . The arc voltage varies as a function of the arc length, the current, the pressure, the electrode material, the composition of the insulating gas, and the geometry of the surroundings of the arc. Figure 1 gives the potential drop along the arc length for a DC arc and may also be regarded as a snapshot of an AC arc. From the figure it can be seen that the potential drop is generally a non linear function of the distance from the electrodes [2] . Accumulation of space charges causes the potential drop to be sharp near the electrodes. The cathode fall is often much larger than the anode fall. For short arcs the processes taking place at one electrode extend all the way to the other electrode and the arc mainly burns in metal vapour. For long arcs however, it is possible to distinguish between different regions in the arc; the potential drop near the electrodes and the potential drop across the arc column. In the arc column it is reasonable to assume that the loss of heat only occurs in radial direction [3] . Then the field strength is constant and the potential fall will be linear in this region. This suggests that the potential fall near the electrodes can be regarded as a constant for long arcs. By reducing the length of the arc, only the length of the arc column will be reduced. The potential fall in this region is as mentioned linear and the potential of the arc is thus expected to decrease linearly until the arc is of a length where the anode and cathode processes interact. Table 1 it can be seen that the volume in the model was less than 1/13 of the full scale, while the arc power was reduced even more. The share of energy that goes to pressure build-up was 0.38 for full scale and in average 0.22 for the model experiments. The results show that the energy produced by the arc in the model experiments was too small compared with volume to achieve the same pressure buildup as for full scale. The study implies that further work should be done to improve the model to achieve the same kfactor by having the same arc energy per volume in the model as for full scale. Scaling of the arc energy requires knowledge of how the arc voltage varies with arc length for different experimental conditions. This will be discussed in the following sections.
FULL SCALE VERSUS SMALL SCALE

ARC VOLTAGE GRADIENT
Thorén [5] indicates that the limit between short and long arcs is of a few decimetres. The limit is however not distinct and an arc in a switchgear may be regarded as something intermediate of a short and a long arc. The anode and cathode potential fall may usually be neglected, but one has to assume that the arc partially burns in metal vapour.
Thorén investigated what arc voltages could be assumed in practical cases. The results from his literature study and experiments are given in Table 2 Table 2 it can be seen that the gradient for bended and dancing arcs is increased compared to the relatively straight burning arc. Arcs in switchgears have a voltage gradient approximately 1.5 times higher than the straight burning arc in open air. The exact increase will depend on the size of the enclosure. Doughty et al [6] confirmed this increase by measuring a voltage gradient of an arc burning in a 50 cm 
C I R E D C I R E D C I R E D C I R E D
PRESSURE, ELECTRODE MATERIAL, AND VOLUME DEPENDENCE
Fockenberg performed in 1996 [7] arc fault experiments with different electrode material, volume, and pressure. The results are given in Figure 2 . The experiments were performed with currents of 3. 
Figure 2. Arc voltage gradient (G) as a function of the pressure (p) for experiments with arc in different volumes
with Cu-and Al-electrodes [7] . Figure 2 shows a voltage gradient that is increasing with the filling pressure. At 100 kPa the values are within the expected limits from Table 2 . For pressures above 75 kPa, the gradient seems to increase by approximately 2 V/cm pr 50 kPa. The increase is slightly less for Al-electrodes. The increase is steeper for lower pressures.
The test performed with Cu-electrodes (broken lines) give voltage gradients generally 6-10 V/cm higher than Alelectrodes (solid lines). This difference seems to be independent of volume and pressure, as long as the pressure is higher than 75 kPa. The fact that Cu-and Al-electrodes give different results means that the arc partially burns in metal vapour.
Experiments were performed with different volumes. In Figure 2 the arc fault experiments performed in a volume of 0.14 m 3 have triangular marking, while the square markings represent experiments in a volume of 0.07 m 3 . The figure shows that the voltage gradient is typically 3-4 V/cm higher for the smallest volume for pressures above 75 kPa. For lower pressures, the difference increases.
Based on the experiments performed by Fockenberg one might draw the following conclusion in a scaling perspective: If small scale experiments are performed with the same pressure and electrode material as the full scale experiments, the arc gradient will be increased in the model due to the reduced size of the test object.
LIMIT OF SCALING
As we have seen, a typical arc in a switchgear is of a length of which a linear voltage drop can be assumed. This assumption however, may not be valid as the arc length is reduced in the small scale model. When the experiments are scaled down, the arc length may reach a lower limit where the electrode processes will start to interact. This will represent a limit where a further scaling becomes even more complex.
Granheim and Rønningen [4] performed some small scale internal arc experiments where they gradually reduced the electrode separation from 6 cm to 2 cm. The measured arc voltage is plotted in Figure 3 . The experiments were performed in a volume of 22 dm 3 , with 100 kPa filling pressure, and a current of 4.3 kA. By fitting a linear regression line to the results, one derives a voltage gradient of approximately 23 V/cm which is within the expected limits given in Table 2 for arcs enclosed in switchgears. [4] .
The values in Table 2 are derived by assuming a linear voltage drop along the arc. This is valid when the arc length is long enough the electrode falls can be neglected. However, from Figure 3 it can be seen that if the linear regression curve was extended towards zero, it would not go through origin. This means that at some point the voltage drop deviates from the linear line before reaching the origin. 
FUTURE WORK
This work has shown that even if a linear voltage drop may be assumed for typical arcs in a switchgear, this may not be the case for small scale models as it is likely the electrode processes will interact as the electrode separation decreases.
It is suggested to perform systematic experiments where the arc voltage is measured for gradually decreasing electrode separation, starting at e.g. 20 cm. The goal of this investigation would be to see how far a linearly decreasing arc voltage can be assumed. Since the arc energy is also dependent on the current, it would be interesting to repeat the experiments with different currents and see if this would affect the gradient or the shape of the end of the linear line.
The experiments will in the beginning be performed in open air. This will be done to avoid the dependence of the enclosed volume. When later placing the arc in a closed volume, it is necessary to consider the increase in voltage gradient.
When the correlation between arc voltage, current, arc length, and volume is determined, the fundamental basis for scaling the arc energy with the volume will be established.
